Recently it has been noticed that the Fermi-LAT data of gamma-rays from some galactic pulsars and supernova remnants reveal spectral modulations that might be explained by the conversion of photon to ALP (axion-like-particle) induced by the conventional ALP coupling to photon in the presence of galactic magnetic fields. However the corresponding ALP mass and coupling are in a severe tension with the observational constraints from the CAST, SN1987A, and other gamma-ray observations. Motivated by this, we examine an alternative possibility that those spectral modulations are explained by other type of ALP coupling involving both the ordinary photon and a massless dark photon, when nonzero background dark photon gauge fields are assumed. We find that our scheme results in oscillations among the photon, ALP, and dark photon, which can explain the gamma-ray spectral modulations of galactic pulsars or supernova remnants, while satisfying the observational constraints. * Electronic address: kchoi@ibs.re.kr † Electronic address: simflight@kaist.ac.kr ‡ Electronic address: sbravos@kaist.ac.kr § Electronic address: yunsuhak@kaist.ac.kr 1 arXiv:1806.09508v2 [hep-ph] 
I. INTRODUCTION
Light axion-like-particles (ALPs) and hidden U (1) gauge bosons have been widely discussed as well-motivated candidates for physics beyond the Standard Model of particle physics [1] . An appealing feature of those particles is that their lightness is protected from UV physics by symmetry. They are also a good candidate for dark matter, and can result in a variety of other astrophysical and cosmological consequences. One of such phenomena associated with ALP is the photon to ALP conversions [2] in the presence of background magnetic fields, which may cause spectral modulations of X-rays [3] [4] [5] [6] or gamma-rays [7] [8] [9] [10] [11] from pointlike source, spectral distortion of CMB [12] [13] [14] [15] , change of the cosmic opacity of intergalactic medium [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , e.t.c.
Recently it has been noticed that the Fermi-LAT data of high energy gamma-rays from some galactic pulsars [9] and supernova remnants [10] reveal an intriguing spectral modulation which might be explained by the photon to ALP conversions caused by the coupling 1 4 g aγγ aF µνF µν = −g aγγ a E · B (1) in the presence of galactic magnetic fields, where F µν = ∂ µ A ν − ∂ ν A µ is the gauge field strength of the ordinary U (1) em gauge field A µ , andF µν = 1 2 µνρσ F ρσ is its dual. However the ALP mass m a few neV and the coupling g aγγ few × 10 −10 GeV −1 , which are required to explain those modulations, are in a severe tension with the CAST bound g aγγ < 6.6 × 10 −11 GeV −1 [26] , as well as with the absence of gamma-ray bursts associated with SN1987A [27] and the Fermi-LAT data of gamma-rays from the galactic nucleus NGC 1275 [8, 11] . Motivated by this conflict, in this paper we examine an alternative possibility to explain those gamma-ray spectral modulations by means of the photon-dark photon-ALP oscillations caused by the ALP coupling [28, 29] 1 2 g aγγ aX µνF µν = −g aγγ a E · B X + B · E X (2) in the presence of background B X and/or E X , where X µν = ∂ µ X ν − ∂ ν X µ = ( E X , B X )
is the gauge field strength of a massless dark photon gauge field X µ . Like the ordinary photon generically exists once a dark photon field is introduced in the theory. As we will see, this scheme can successfully induce the conversion of gamma-rays to ALPs or dark photons, which can explain the gamma-ray spectral modulations noticed in [9] and [10] if the following ALP parameters and background dark photon field strength are assumed:
Contrary to the scheme based on the ordinary ALP coupling g aγγ , our scheme can be compatible with all the available constraints on g aγγ . Although the necessary background B X , E X are simply assumed in this work, we note that an additional ultra-light ALP φ with m φ ∼ 10 −19 − 10 −20 eV can generate such background dark photon field through the coupling g φγ γ φXX, which was explicitly demonstrated in [30] .
This paper is organized as follows. In Sec. II , we discuss the photon-dark photon-ALP oscillations induced by the coupling (2) in the presence of background B X and/or E X . In Sec. III, we examine if the gamma-ray spectral modulations noticed in [9] and [10] can be understood by means of the conversion of gamma-rays to ALPs or dark photons, which result from the photon-dark photon-ALP oscillations. In Sec. IV, we discuss the available constraints on the ALP coupling (2) , and examine if our scheme can be compatible with those constraints. Obviously the ALP coupling g aγγ is free from the bound from helioscope axion search experiments such as the CAST. Yet it is severely constrained by stellar evolution, as well as by the non-observation of gamma-ray bursts associated with SN1987A and other gamma-ray observations by Fermi-LAT and HESS.
We find the ALP parameters and background dark photon fields listed in (3), which can explain the spectral features discussed in [9] and [10] , are compatible with all of those constraints. Sec. V is the conclusion.
II. PHOTON-DARK PHOTON-ALP OSCILLATIONS
Our scheme is based on a model involving a light ALP and also a massless hidden U (1) X gauge boson X µ , which is dubbed the dark photon in this paper [1] . We assume that there is no light U (1) X -charged matter fields. Here we are interested in the photon-ALP-dark photon oscillations induced by the ALP coupling [28, 29]
in the presence of nonzero background dark electric and magnetic fields, E X and B X , as well as an ordinary background magnetic field B . Since there is no U (1) X -charged matter, E X can be non-vanishing and then the equations of motion of X µ suggests
Generically there can be other ALP couplings such as g aγγ aFF and g aγ γ aXX. For simplicity, here we will assume that g aγγ dominates over g aγγ and g aγ γ as much as we need. Note that in many cases the ALP couplings to gauge fields are quantized as they are generated by the loops of fermions carrying quantized charges of the U (1) PQ , U (1) em and U (1) X , where U (1) PQ denotes the (spontaneously broken) global U (1) symmetry associated with the ALP field "a". In such case, one can arrange those charges appropriately to get |g aγγ | |g aγγ |, |g aγ γ |. Alternatively, one may use the clockwork mechanism [31] [32] [33] [34] to generate such pattern of ALP couplings as was done in [35] [36] [37] to get an axion-photon coupling much stronger than the axion-gluon coupling.
To examine the oscillations among the photon, dark photon and ALP, one can choose the temporal gauge A 0 = X 0 = 0, and derive the equations of motion describing the propagation of small field fluctuations of A, X and a in the background B , B X and E X . The resulting wave equations are given by
To proceed, let us consider a situation that all background fields have a coherent length which is large enough to treat them as constants over the photon propagation distance d.
From the above wave equations, we note that the following transverse background fields induce oscillations among the photon, dark photon and ALP:
where k is the momentum of the propagating particles andk = k/| k|. The corresponding propagation equation is given by [2] w
where ω = | k| and z is the spacial coordinate along the directionk,. Here A and X denote the polarization of A and X in the direction of B XT and B T , respectively:
and
where ω 2 pl = 4παn e /m e is the plasma frequency in a medium with the electron number density n e .
We are mostly interested in the conversion of initial unpolarized photon to ALP or dark photon in the limit when the plasma frequency is negligible:
which turns out to be the case for our scenario to explain the gamma-ray spectral modulations noticed in [9] and [10] . It is then straightforward to find that the conversion probabilities in such limit are given by
where d is the propagation distance, and
for
From the above results, we find the following photon survival probability for the photon-ALP-dark photon oscillations induced by the ALP coupling g aγγ :
For later discussion of the possibility that the ALP coupling g aγγ explains the gamma ray modulations noticed in [9] and [10] , let us compare the photon depletion caused by g aγγ in background U (1) X gauge fields with the photon depletion by g aγγ in ordinary magnetic fields. As is well known [2] , the photon survival probability for the photon-ALP oscillations caused by g aγγ in ordinary magnetic fields is given by
the step-down of P γ→γ at ω ∼ω c , which represents the transition from the small mixing limit ω ω c to the large mixing limit ω ω c . The size of step-down is given by
which can be significant when g aγγ B T d O(1). Such significant step-down of the photon survival probability may result in an observable spectral irregularity (or modulation) of the photon intensity around ω ∼ω c . An additional feature of (P γ→γ ) gaγγ is the oscillatory behavior due to sin 2 (∆ osc d/2), which has an width ∆ω = O(πω c /g aγγ B T d) and becomes appreciable right before the step-down. In most cases, such oscillatory behavior is more difficult to be detected, and the spectral modulations (irregularity) noticed in [9] and [10] correspond to a step-down of the gamma-ray intensity around ω = O(1) GeV.
The photon survival probability (P γ→γ ) g aγγ of (14) appears to be significantly more complicated than (P γ→γ ) gaγγ of (15) . Yet, as long as B XT is not negligible compared to B T , it reveals a similar step-down feature at ω ∼ ω c , as well as the oscillatory feature with an width ∆ω = O(πω c /g aγγ B eff d). To see this, let us first consider the case B XT B T , which might be realized in intergalactic space with B XT 1 nG > B T . In such case, the dark photon is decoupled and the resulting photon-ALP oscillation yields
Obviously the above (P γ→γ ) g aγγ mimics (P γ→γ ) gaγγ with the simple replacement
Even when B XT is not stronger than B T , if it is yet non-negligible, there can be a significant step-down of (P γ→γ ) g aγγ at ω ∼ ω c . This is in fact the case relevant for the gamma-ray spectral modulations noticed in [9] and [10] . From (14) , one finds
When
, which is the case relevant for us, this results in the following step-down of the photon survival probability:
This step-down of the photon survival probability can be sizable enough to yield an observational consequence if B XT is comparable to B T . This suggests that the results of [9] and [10] , which are based on the ALP coupling g aγγ , can be reproduced also by g aγγ with the ALP parameters and background dark photon fields given in (3) . In the next section, we examine this possibility in more detail for specific gamma-ray sources, 
III. GAMMA-RAY SPECTRAL MODULATIONS
In [9] and [10] , Fermi-LAT data of gamma-rays from some galactic pulsars with a distance d 5 − 10 kpc and supernova remnants with d 1 − 5 kpc were examined to see if there is any irregularity in the spectrum. It was then noticed that the data indicates spectral modulations at ω = O(1) GeV, which might be explained by the photon-ALP oscillations induced by an ALP coupling g aγγ ∼ few × 10 −10 GeV −1 in the presence of galactic magnetic fields B T ∼ 1 µG for ALP mass m a ∼ few neV. However these ALP parameters are in conflict with the constraints from CAST [26] , as well as with the non-observation of gamma-ray bursts associated with SN1987A [27] , and the gamma-ray spectra of NGC 1275 (Fermi-LAT) [11] . This motivates us an alternative possibility that those spectral modulations are explained by the photon-ALP-dark photon oscillations induced by g aγγ , which were discussed in the previous section.
To examine this possibility, we first note that unlike the ordinary galactic magnetic fields, the dark photon field B XT in our galaxy can not be amplified by the galactic dynamo mechanism [38] . Since there is no light U (1) X -charged particle, once produced in the early Universe by a homogeneous and isotropic mechanism, the subsequent evolution of B X and E X is not affected by the later formation of inhomogeneous structures in the Universe. This implies that if a nonzero B XT exists in our galaxy, a similar size of B XT exists in intergalactic space also. Assuming this, the total energy density of the background dark photon fields is translated into
where E X and B X are the spatially averaged dark photon fields today, which are assumed to be comparable to the local field strengths in our galaxy, and ∆N eff is the energy density in the unit of the energy density of one additional relativistic neutrino species. Imposing the upper bound ∆N eff 0.3 [39] under the assumption E X ∼ B X , we find that the transverse dark photon gauge field strength today, which is defined in (6), is bounded as
implying that typically B XT B T inside the galaxies. However, as noticed in the previous section, we need B XT to be non-negligible compared to the galactic B ∼ 1µG in order to explain the spectral modulations of galactic pulsars and supernova remnants by means of the ALP coupling g aγγ .
In the previous section, the conversion probabilities for the photon-dark photon-ALP oscillations have been derived when the background gauge fields are assumed to be constant. In the following, we take a more elaborate approach taking into account the spacial variation of galactic magnetic fields along the line of sight towards the gamma-ray sources, and solve the propagation equation (7) numerically. Specifically, we adopt the latest model for galactic profile of B T , i.e. the Jansson and Farrar model [40] , which was adopted also in [9] and [10] . As for the background dark photon field B XT , we simply assume that it is homogeneous enough 1 to be treated as constant over the galactic distance scales of O(1) kpc.
In Fig. 1 , we depict the intensities of photon (red), dark photon (magenta) and ALP (blue) along the line of sights towards PSR J2021+3651 for the initial photon energy showing a significant step-down of the probability at ω = O(1) GeV, which may explain the spectral modulation noticed in [9] . 1 One may take the dark photon field generation mechanism proposed in [30] as a reference. Indeed, the mechanism of [30] can generate E X ∼ B Red curve denotes the result for g aγγ given in (25) , while the dashed blue curve denotes the result for g aγγ obtained in [9] .
Since the distance d ∼ 1.5 kpc from IC443 is significantly shorter than the distance d ∼ 10 kpc from J2021+3651, the strength of g aγγ B XT assumed in (25) is not large enough to yield a significant depletion of photons from IC443 if one keeps using the Jansson and Farrar model [40] for galactic magnetic fields. One may then take older models for galactic magnetic fields as in [10] , which would predict smaller B T than the Jansson and Farrar model, and therefore result in larger depletion of photons from IC443. Alternatively, one may assume a larger value g aγγ B XT , while keeping the Jansson and Farrar model, e.g. m a = 6.5 neV, g aγγ = 4.3 × 10 −10 GeV −1 , B XT = 0.83 µG. Red curve denotes the result for g aγγ given in (26) , while the dashed blue curve denotes the result for g aγγ obtained in [10] .
performed a χ 2 -analysis to find the statistical significance of the ALP-conversion scenario relative to the no-ALP scenario. Such analysis is beyond the scope of this work. However, comparing Fig. 2 and Fig. 3 with the results of [9] and [10] , we expect that our alternative explanation based on g aγγ has a similar statistical significance as the explanations proposed in [9] and [10] .
IV. OBSERVATIONAL CONSTRAINTS
In this section, we examine if our scenario, specifically the ALP parameters and background dark photon fields specified in (3), which are proposed to explain the gamma-ray spectral modulations noticed in [9] and [10] , can be compatible with the constraints available at present. Note that the major problem of the explanation based on the ALP coupling g aγγ , which was suggested in [9] and [10] , is the conflict with the bound on g aγγ from the CAST [26] , as well as with the non-observation of gamma-ray bursts from SN1987A [27] and the Fermi-LAT data of gamma-rays from NGC 1275 [11] . Our ALP coupling g aγγ is obviously free from the bound from helioscopic axion search experiments such as the CAST. Yet it is constrained by (i) stellar evolution, (ii) absence of gamma-ray bursts from SN1987A, (iii) gamma-ray spectra of NGC 1275 (Fermi-LAT) and PKS 2155 (HESS), although the resulting constraints are weaker than those on g aγγ . As we will see in the following, the ALP parameters specified in (3) pass all of these constraints, so that our scheme can explain the gamma-ray modulations noticed in [9] and [10] , while satisfying the available observational constraints.
A. Stellar evolutions
Let us start with the constraint from stellar evolution. If light hidden sector particles are produced and successfully emitted from the core of star, such additional energy loss mechanism can affect the properties of the stellar object such as the core mass, luminosity, and lifetime [41] .
In an ionized plasma such as the core of star, the excitations of the electromagnetic field possess a different dispersion relation due to the coherent interaction with medium, and the photon obtains an effective mass, the plasmon mass ω pl = 4παn e /m e . In the presence of the ALP coupling g aγγ , the massive plasmons decay into ALP and dark photon through the coupling g aγγ , and the corresponding decay width is given by
where β(x, y) = x 4 + y 4 − 2x 2 y 2 . This results in the following energy loss rate per volume:
where T c is the core temperature. Here only the contributions from the decays of transverse plasmon modes are considered as the longitudinal modes have a negligible number density.
The most stringent constraint associated with the above plasmon decays comes from the observationally inferred core mass at the tip of red giant. Any extra cooling during the red-giant phase causes a delay of the helium ignition until the core mass at the helium flash reaches an adequate value, i.e. an increment of the core mass [42] . On the other hand, in view of the brightness at the tip of the red-giant branch in globular clusters, the core mass at the helium flash cannot exceed its standard value by more than 5% [41] .
Imposing this condition, the energy loss by plasmon decays is constrained as
which results in the following upper bound:
g aγγ 5 × 10 −10 GeV −1 for m a , m X 10 keV.
B. Gamma ray bursts from SN1987A
In the presence of nonzero background dark photon fields, there can be additional constraints on g aγγ . One such example is the constraint from the gamma-ray bursts associated with SN1987A [27] . When the neutrino signals from SN1987A were observed, the Gamma-Ray Spectrometer on the Solar Maximum Mission satellite was operating to detect the γ-ray signals in the three energy bins, 4.1−6.4 MeV, 10−25 MeV, and 25−100
MeV, and found no appreciable gamma-ray excess [43] . This results in the following 95% confident upper bounds on the gamma ray fluence F γ over the SN neutrino duration time t dur 10 sec:
F γ < (0.9, 0.4, 0.6) γ cm −2 for (4.1 − 6.4, 10 − 25, 25 − 100) MeV.
In our case, the ALPs and dark photons are produced by the plasmon decays in SN1987A whose rate is given by (27) . Accepting the core-collapse supernovae model with the 18 M progenitor star [44] , the plasma frequency in the degenerate core of SN1987A is given by ω 2 pl 4αµ 2 e /3π, where µ e = 5.15 keV(Y e ρ c ) 1/3 is the electron chemical potential for the electron number per baryon Y e 0.2 and the core density ρ c 3 × 10 14 g cm −3 .
The average core temperature is T c 30 MeV which is approximately constant within explain the gamma ray spectral modulations noticed in [9] and [10] . The benchmark point (25) for the galactic pulsar PSR J2021+3651 and another point (26) for the supernova remnant IC443 are marked with and ⊗, respectively.
the core radius r c 10 km during the neutrino burst duration t dur 10 sec. The resulting ALP and dark photon flux per unit energy over t dur is given by
where d 50 kpc is the distance to SN1987A. For the ALP parameter range of our interest, the produced ALPs and dark photons escape freely from the SN core as their mean free path is considerably larger than r c . We then find the following total ALP and dark photon fluxes in each energy bin: 
Part of the ALPs and dark photons emitted from SN1987A can be converted into photons via the oscillations fueled by the background B XT and B T , which would result in a gamma-ray burst whose differential flux is given by
For the photon-ALP oscillation caused by g aγγ , the galactic magnetic fields (∼ µG) are the dominant source of conversion because intergalactic magnetic fields (< nG) are negligible.
On the other hand, for the photon-ALP-dark photon oscillations induced by g aγγ , it turns out that the conversions are dominantly due to B XT B T in intergalactic space between SN1987A and our Milky way galaxy for the ALP mass range m a = O(0.1 − 1) neV. For such intergalactic conversions, the dark photon is decoupled and the conversion probability within a single domain where B XT can be approximated as constant is given by
where is the coherent length of the background B XT . If is significantly shorter than the distance d 50 kpc between SN1987A and the earth, one would need to follow the approach of [45] to get the final conversion probability after the full propagation. Here we take the dark photon field generation mechanism of [30] as a reference, which predicts = O(10) kpc for B X ∼ E X ∼ 0.3 − 0.7 µG, which is comparable to d 50 kpc. In such case, the conversion probability after the full propagation can be reasonably well approximated by (34) with replaced with d 50 kpc.
Applying the upper bounds (31) to the photon flux obtained from (34), we can get an upper bound on g aγγ for given values of m a and B XT . We depict the results in Fig. 4 in which the blue colored region corresponds to the region excluded by the absence of gamma-ray bursts associated with SN1987A for B XT = 0.65 µG which is assumed to be nearly constant over the intergalactic space between SN1987A and the Milky way galaxy. neV [11] . The HESS data of gamma rays from the distant blazar object PKS 2155-304 yields g aγγ < 2 × 10 −11 GeV −1 for m a = 15 − 60 neV [7] . If one assumes an intergalactic magnetic field B ∼ 1 nG, the HESS data of PKS 2155-304 gives an additional bound g aγγ < 5 × 10 −11 GeV −1 for m a = O(1) neV [7] . In the following, we examine the constraints on g aγγ from the non-observation of spectral irregularity of the two gamma-ray sources NGC 1275 and PKS 2155-304.
Let us first note that the background U (1) X fields are typically weaker than the ordinary magnetic fields near the gamma-ray sources, e.g. B XT 1 µG, while B T = O(10) µG for NGC 1275 and B T = O(1) µG for PKS 2155. In such case, the conversion of photons to ALP or dark photon near the gamma-ray source is suppressed by B 2 XT /B 2 T (see (11) ). Yet we are interested in the case that B XT is not significantly smaller than ∼ 1 µG, which means B XT B T in intergalactic space. Then the depletion of photons takes place mostly during the propagation through intergalactic space where the oscillations occur mostly between the photon and ALP as the dark photon is effectively decoupled.
Taking the dark photon field generation mechanism of [30] as a reference, we assume that the coherent length of the produced U (1) X gauge fields is of O(10) kpc, which is much shorter than the distance d 68 Mpc from NGC 1275 and also d 500 Mpc from PKS 2155. Then the gamma-rays from the source pass through many domains of coherent B XT and the photon survival probability is given by [45] P γ→γ (ω) = 2 3
where P γ→a (ω) is the mean conversion probability in a single domain, i.e.
for denoting the coherent length of the background B XT , and d is the total propagation distance. Here we treat and B XT in each domain as random variables and then an oscillatory spectral behavior due to dephasing is smoothed out.
If the photon survival probability reveals a significant step-down at a frequency ω s within the energy range ω min < ω s < ω max covered by the Fermi-LAT or HESS, it would be in conflict with the non-observation of spectral irregularity, so is excluded. To identify the excluded ALP parameter region, one may define the step-down frequency ω s as
The corresponding step-down of the photon survival probability around ω ∼ ω s is estimated as ∆P P γ→γ (ω = 0) − P γ→γ (ω = ω s ) 20%.
Note that this estimate is valid only when g aγγ B XT
then P γ→a has a rather mild spectral dependence around ω ∼ ω s , and therefore does not result in an appreciable amount of step-down of the photon survival probability.
As a simplified approach to derive the constraints from NGC 1275 and PKS 2155, in the following we regard the ALP parameters to be excluded if the corresponding ω s is within the spectral range given by 
In fact, only ω min for the Fermi-LAT data of NGC 1275 is relevant for the viability of our key parameter region (3). Here we choose ω min = 0.2 GeV for NGC 1275, which is slightly higher than the minimal detected energy ∼ 0.1 GeV, because (i) the step-down of the gamma-ray intensity begins at ω < ω s and nearly ends at ω = ω s and (ii) a spectral irregularity near the boundary of the detected energy range is more difficult to be noticed.
If we choose an even higher value of ω min , the constraint on ALP parameters is accordingly relaxed. For = O(10) kpc, which would be the case if the background U (1) X gauge fields are generated by the mechanism proposed in [30] , we have d/ = O(10 3 − 10 4 ) and P γ→a satisfying the condition (38) is small. In such case, P γ→a can be approximated as 2 P γ→a 1 2 
would be in conflict with the absence of spectral irregularity in the Fermi-LAT data of NGC 1275 or the HESS data of PKS 2155. In Fig. 4 , we depict such excluded ALP parameter regions for B XT = 0.65 µG, the mean coherent length = 20 kpc, and the spectral range (ω min , ω max ) given in (40) . The orange colored region is excluded by the Fermi-LAT data of NGC 1275 and the green colored region is excluded by the HESS data on PKS 2155. Fig. 4 includes all the available constraints on the ALP coupling g aγγ over the ALP mass range m a = 10 −3 − 10 2 neV when background U (1) X gauge field B XT = 0.65 µG is 2 Here the factor 1/2 comes from the averaging over sin 2 g aγγ B XT 1 + ω 2 c /ω 2 /2 .
assumed. Although we take a rather simplified approach to derive those constraints, it is expected that more elaborate approach will give a similar result. We can then conclude that the ALP parameter region (3) represented by the cyan-colored shaded region in Fig. 4 , which includes the benchmark point (25) for the galactic pulsar PSR J2021+3651 and another benchmark point (26) for the supernova remnant IC443, is compatible with the constraints summarized in Fig. 4 .
V. CONCLUSION
In this paper, we proposed a scenario that the gamma-ray spectral modulations of some galactic pulsars and supernova remnants, which were recently noticed in [9] and [10] , are explained by means of the ALP coupling g aγγ aX µνF µν involving both the ordinary photon field F µν and a massless dark photon field X µν . Contrary to the scenario based on the conventional ALP coupling g aγγ aF µνF µν , which was explored in [9] and [10] , our scenario can be compatible with the existing observational constraints.
